
 

  

  

  
  

  

  :ارائه شده توسط

ه فا ��   سايت ��
  

�  مرجع �� ه شده جديد�� ��   مقا�ت ��

ت معت �  �#  از ن%$

http://tarjomefa.com/


© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim6056 wileyonlinelibrary.com

R
EV

IE
W  Nano-Composites for Water Remediation: A Review 

   Sarah J.    Tesh         and        Thomas B.    Scott     *

  S. J. Tesh, Dr. T. B. Scott 
 Interface Analysis Centre
School of Physics
University of Bristol 
 H. H. Wills Physics Laboratory 
  Tyndall Avenue  ,   Bristol    BS8 1TL  ,   United Kingdom   
E-mail:  t.b.scott@bristol.ac.uk   

DOI: 10.1002/adma.201401376

In 2010, the Joint Research Centre (JCR) 
of the European Commission published 
a report highlighting the international 
range of defi nitions. [ 8 ]  Just within the UK 
two defi nitions were found for the term 
nano-scale; the UK Department for Envi-
ronment, Food and Rural Affairs (DEFRA) 
defi ned it as 200 nm, whilst other organi-
zations used 100 nm. Following recom-
mendations made by the JCR, in October 
2011 the European Commission adopted 
the following defi nition of ‘nano-material’ 
for regulatory purposes; [ 9 ]  

  A natural, incidental or manufactured 
material containing particles, in an unbound 
state or as an aggregate or as an agglomerate 
and where, for 50% or more of the particles 
in the number size distribution, one or more 
external dimensions are in the size range 
1 nm – 100 nm.  

 Due to their miniscule size, nano-mate-
rials exhibit different physical, chemical 
and biological characteristics when com-

pared to their larger, micro- and macro-scale counterparts 
(<100 nm). [ 8,10–13 ]  The nano-materials have a larger surface area 
to volume ratio and consequently a higher density of surface 
reaction sites per unit mass. Furthermore, surface free-energy 
is observed to be greater for nano-materials than for micro- or 
macro-scale counterparts. Nano-materials, therefore, display a 
higher reactivity for surface mediated processes. However, as 
the particle size approaches the electron mean-free path and 
wavelength scales (below approximately 30 nm), quantum 
size effects become apparent and fundamental physical char-
acteristics are signifi cantly changed again. These effects can 
counteract the increased reactivity as demonstrated by Sharma 
et al., [ 14 ]  with many further comprehensive studies of properties 
specifi c to nano-materials readily found in literature. 

 When within the optimum size range, nano-materials poten-
tially represent a more effi cient alternative to current materials 
used for water treatment. [ 7 ]  A rapidly emerging technology 
already achieving commercial use in America is nano-particle 
(NP) injection. [ 10,15–18 ]  The NPs, usually zero valent iron nano-
particles (INPs), are injected into the ground as a dry powder 
or slurry to directly treat contaminated groundwater. The NPs 
can be either deliberately immobilized, and hence perform 
as a deep underground permeable reactive barrier (PRB), or 
mobilized, allowing the NPs to migrate with the contaminated 
plume of water ( Figure    1  ).  

 This technique, however, highlights multiple disadvan-
tages of using ‘free’ NPs for remediation including the 
important fact that NP behavior is still not fully understood. 
It is well recognized that the dispersion of NPs through a 

 As global populations continue to increase, the pressure on water supplies 
will inevitably intensify. Consequently the international need for more effi cient 
and cost effective water remediation technologies will also rise. The introduc-
tion of nano-technology into the industry may represent a signifi cant advance-
ment and zero-valent iron nano-particles (INPs) have been thoroughly studied 
for potential remediation applications. However, the application of water 
dispersed INP suspensions is limited and somewhat contentious on the 
grounds of safety, whilst INP reaction mechanisms, transport properties and 
ecotoxicity are areas still under investigation. Theoretically, the development 
of nano-composites containing INPs to overcome these issues provides the 
logical next step for developing nano-materials that are better suited to wide 
application across the water industry. This review provides an overview of 
the range of static, bulk nano-composites containing INPs being developed, 
whilst highlighting the limitations of individual solutions, overall classes of 
technology, and lack of comparative testing for nano-composites. The review 
discusses what further developments are needed to optimize nano-composite 
water remediation systems to subsequently achieve commercial maturity. 

  1.     Introduction 

 Water contamination is a major international problem caused 
by industrial, domestic and environmental infl uences. The 
United Nations estimates that 300–500 million tons of heavy 
metals, solvents and other waste are released into the world’s 
water supplies each year as a harmful by-product of industrial 
activity. [ 1 ]  Water contamination can also be naturally derived. 
For example, arsenic contamination is a serious issue in coun-
tries such as Bangladesh, West Bengal (India) and Nepal due to 
the weathering of rocks that naturally contain arsenic. [ 2–6 ]  Fur-
thermore, as global populations continue to grow the human 
pressure exerted on our water supplies is expected to intensify 
with potentially greater likelihood of pollution. 

 Over the past decade nano-technology has been increasingly 
investigated as a potential replacement for traditional treatment 
methods and reactive agents in order to deliver clean water at a 
reduced cost whilst simultaneously meeting increasingly strin-
gent water quality standards. [ 7 ]  However, the exact defi nitions of 
‘nano-scale’ and ‘nano-material’ are still subjects of controversy. 
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groundwater system will be limited by multiple processes; 
mineral sorption, microbiological activity, aggregation and 
formation of voluminous corrosion products. [ 10,13,18–24 ]  INPs 
are particularly prone to aggregation and sedimentation 
because of their strong magnetic properties [ 21,25 ]  in addition 
to electrostatic NP-NP attractions which operate most effec-
tively in concentrated particle suspensions (i.e. slurries). 
Multiple studies in the literature have developed methods 
for avoiding these problems by adapting the NPs themselves, 
as illustrated in  Figure    2  , to limit or negate inter-particle 
attractions.  

 Surfactants [ 10,18,26–32 ]  or polymers [ 22,33–62 ]  can be added to 
the NP surfaces to encourage steric hindrance and alter the 
surface charge to prevent electrostatic attraction. The NPs 
can also be incorporated into other mobile structures such as 
carbon forms, [ 63–78 ]  silica [ 79–87 ]  and colloidal clays. [ 88–93 ]  How-
ever, the exact transport and retardation mechanisms occurring 
within the ground are unique to each treatment scenario and 
dictated by multiple factors that can vary over time, including 
soil composition, fl ow rates, pH and Eh balance and bacterial 
communities. These variables are diffi cult to predict and would 
require unique tailoring of the NPs for each situation. Changes 
in the groundwater system (natural or otherwise) may also 
cause contaminants adsorbed to the surface of NPs to become 
remobilized and surface adaptations to be reversed or become 
redundant – consequences that become inevitable when con-
sidering the operational diffi culty of removing the NPs from 
the ground. Furthermore, there is relatively little known about 
the long-term ecotoxicological effects of freely dispersed NPs 
in the environment [ 49,94–101 ]  – the same properties that provide 
the remediative qualities could also make them hazardous 
for living organisms. If, in the future, NPs themselves are 
proven as an unacceptable toxic risk then contractors that have 
deployed NPs via injection may subsequently become liable for 
NP clean-up. 

 As remediation methods need to have non-toxic reaction 
agents providing long term and stable removal mechanisms, 
the disadvantages highlighted make it diffi cult to establish 
whether this technology, as it currently exists, can be safely 
applied. Hence, although there is currently no argument for 
or against toxicity, the UK is taking a precautionary approach 
for introducing engineered NPs into the environment. This 
action follows reports by the Royal Society and Royal Academy 
of Engineering (2004) [ 99 ]  and CL:AIRE (Contaminated Land: 
Applications in Real Environments), for the UK Department 
for Environment, Food and Rural A airs (2011). [ 96 ]  Both reports 
highlight the need for more fundamental research into nano-
toxicology and NP behavior in subsurface environmental 
systems. 

 To avoid the limitations outlined it would be highly advanta-
geous to develop a remediation method that utilizes the reac-
tivity of NPs whilst avoiding the release of free NPs into the 
environment. One possible route is to develop a ‘nano-com-
posite’, a product defi ned as; [ 102 ]  

  A multiphase material where at least one of the constituent 
phases has one dimension less than 100 nm.  

 Recent research has spawned a multitude of different per-
mutations of nano-composite, where generally the NPs are 
combined with a micro- or macro-scale support material. In 

this arrangement the nano-reactivity is still exhibited and com-
plemented by the properties of the accompanying material. 

 The current article provides a review of emerging iron and 
iron oxide containing nano-composites that can be used in 
static water treatment systems, including permeable reactive 
barriers, batch reactor systems and point-of-use fi lters. These 
systems should avoid the problems associated with uncon-
trolled NP dispersions by holding them, and sorbed contami-
nants, securely within a stable structure. Iron and iron oxide 
NPs [ 103 ]  are of particular interest because bulk iron has been 
used in treatment methods for many years and, as a miniscule 
derivative, INPs have been thoroughly studied for remediation 
purposes (see Crane and Scott (2012), [ 10 ]  Zhang [ 104 ]  and all refer-
ences therein), although primarily for synthetic laboratory solu-
tions. Most signifi cantly, they have been shown to remediate an 
impressive range of contaminants, [ 105 ]  from heavy metals via 
adsorption [ 2–6,106–114 ]  to the degradation of chlorinated solvents 
via chemical reduction, [ 115–121 ]  and at much greater rates than 
bulk iron. 

 Although this type of technology looks promising, this 
review will also highlight areas for research and development 
that require further improvement if nano-composites are to be 
a viable realistic water clean-up technology. One major issue 
that becomes apparent within this article is that there is little 
to no consistency in performance testing for nano-composites 
developed by different groups. This makes it very diffi cult to 
compare products and decide which are the most promising for 
further funding and upscaling.  
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  2.     Static Nano-composites 

 Stabilizing NPs with polymers, surfactants and mobile mate-
rials has been aimed at improving NP mobility within the sub-
surface. However, the inherent complexity of natural systems 
can negate the stabilizing agents which work well in idealized 
systems and the potential ecotoxicological risks still remain. A 
more pragmatic solution under investigation is the develop-
ment of static nano-composites for use in, for example, fi xed 
bed reactors, fi lter columns, permeable reactive barriers and 

domestic fi lters. These micro- to macro-scale structures avoid 
the problems of the free NPs described above and represent a 
potential solution by delivering nano-reactivity within a treat-
ment zone (in an environmental or engineered system) but 
without uncontrolled release of NPs as they are effi ciently 
anchored onto the parent structure. 

 There are three general categories of static nano-composite; 
membranes/mats, beads and three dimensional porous 
structures ( Figure    3  ). Each of these, and their various benefi ts 
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 Figure 1.    A schematic diagram illustrating the aquifer treatment using nano-particle injection processes. Reproduced with permission. [ 10 ]  Copyright 
2012, Elsevier. 

 Figure 2.    A schematic diagram illustrating the three types of mobile nano-materials; (a) Surfactant stabilized NPs, (b) polymer stabilized NPs and 
(c) NPs supported by another micro-/nano-material.
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and drawbacks for deployment and production, will be briefl y 
addressed in the following sections and summarised in  Table    1  .   

  2.1.     Membranes and Mats 

 Membranes traditionally act as size-exclusion based fi lters, 
physically preventing harmful microbes or particles from 
passing through. However, there has been a relativity recent 
realization that they may be further enhanced by modifying 
the pores with reactive functional groups and, most recently, 
NPs. Incorporating NPs into porous micro-fi ltration mem-
branes is of interest for remediation applications because the 
membranes offer relatively large pore sizes (50–200 nm) and 

open structures. [ 122 ]  These properties are important as they 
allow the immobilized NPs contained within the membrane 
to be readily accessible for reaction with the aqueous contami-
nants. This is especially the case if the fl ow is turbulent and the 
contact area is high. 

 The main bulk structure of the membrane is commonly 
made from polymers such as poly(vinyl alcohol) (PVA), [ 123–125 ]  
poly(acrylic acid) (PAA), [ 123,125 ]  polyethersulfone (PES) [ 126 ]  and 
chitosan. [ 127 ]  Membrane fabrication methods include phase 
inversion, [ 126 ]  solution casting [ 128 ]  and thermal grafting polym-
erization. [ 122,129 ]  However the most popular process is electro-
spinning, [ 123–125,127 ]  fi ne fi bers are produced by electrostatic 
repulsion. To incorporate zero-valent INPs, for example, the 
resulting mat of fi bers is then submerged in an aqueous solu-
tion of iron salt, where the iron ions complex with the fi bers. 
After rinsing off excess salt, the ions are then chemically 
reduced, often using sodium borohydride, to form the zero-
valent INPs; a relatively cheap and rapid production method. 

 Using this popular fabrication technique Horzum et al. [ 127 ]  
created a chitosan fi ber membrane functionalized with INPs 
and performed one hour batch experiments to demonstrate 
the material’s ability to remediate As(III) and As(V) from syn-
thetic laboratory solutions of varying concentration and pH. 
The composite was shown to successfully remove both arsenic 
species but displayed a better affi nity to As(III). The percentage 
of sorption for both ionic forms reduced with increasing con-
centrations (range investigated was 0.01–25.0 mgL −1 ) and 
the material’s effi ciency was also limited by pH, with As(III) 
and As(V) sorption decreasing once pH raised above 7 and 8 
respectively. Although conceptually successful, the percentage 
of As(V) removal did not raise over 90% and As(III) removal 
only peaked above 90% under very specifi c conditions (pH 3.0 
and low concentrations), which can not be guaranteed in real 
world applications, but may be suitable for certain instances of 
acid mine drainage. It is also wholly possible that the contact 
area provided by the composite in these experiments was insuf-
fi cient to achieve complete As removal. 

 A more successful nano-composite, fabricated using the 
same technique, has been developed by a group at Donghua 
University, China. Crosslinked water-stable electrospun PAA/
PVA was used as a nano-reactor to complex Fe(III) with the free 
PAA carboxyl residues for subsequent reductive formation of 
INPs. [ 125,130–132 ]  The resulting polymer nano-fi ber mats were 
stable, highly porous, reusable and able to rapidly remediate 
waters spiked with Cu(II) and dye. A following study by Ma 
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  Table 1.    A summary of the three general types of static nano-composites 
and their advantages and disadvantages.  

Type Advantages Disadvantages

Membrane · Builds on existing membrane 

technology for water treatment

· High water pressures can cause 

membrane to rupture, releasing 

NPs and contaminants into 

water system.

· Keeps conventional size exclu-

sion properties.

· Cannot be recycled or reused

Beads · Can be easily incorporated into 

existing infrastructure 

(e.g. column fi lters).

· Reactive material within the 

core of the bead structure does 

not come into contact with water 

and contaminants.

· Water fl ux can be tailored by 

altering bead size and packing 

density.

· Water must fl ow through 

channels between beads which 

generates a high back-fl ow 

resistance.

· Cannot be cheaply recycled 

or reused without expensive 

processing

Porous 3D 

structures

· Avoids limitations of 

membranes and beads.

· Relatively little research has 

gone into developing such 

materials.

· Size and shape can be tailored 

to existing infrastructure and 

fl ow rate requirements

· Good capacity for recycling 

and reusing the substrate 

material

 Figure 3.    A schematic diagram illustrating the three types of static nano-composite.
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as nano-reactors to prepare core-shell Fe/Pd NPs. By exposing 
the immobilized INPs on the nano-fi bers to Pd(II) solution, 
bimetallic Fe/Pd NPs were formed via the partial reduction of 
Pd(II) on the INP surfaces. Batch experiments for the remedia-
tion of trichloroethylene (TCE) from synthetic solutions, at rela-
tively low concentrations (10 mgL −1 ), were used to compare the 
performance of the bimetallic NP composite mats with colloidal 
Fe/Pd NPs and mats containing only INPs or Pd NPs. The mat 
containing just Pd NPs removed only 6.96% of TCE, with the 
observed uptake attributed to the polymer mat and not the NPs, 
confi rming that the Pd only acts as a catalyst to the degradation 
reaction. The remaining three samples degraded over 99% of 
the TCE and reached an equilibrium within 1.5 hours. The mat 
containing Fe/Pd exhibited the best performance over a range 
of TCE concentrations (10–100 mg −1 ), presumably because it 
combined the benefi ts of the galvanically active bimetallic NPs 
and polymer mat. Furthermore, varying ionic strength (NaCl 
0–1M) and pH (2.5–6.5) caused no signifi cant change in TCE 
removal, except to show a slightly enhanced effi ciency when 
more acidic. 

 An equally impressive example for TCE removal by bime-
tallic NPs in a polymer membrane, is the work of Parshetti and 
Doong. [ 129 ]  Using a diffi erent fabrication method Parshetti and 
Doong [ 129 ]  were able to immobilize Fe/Ni bimetallic NPs in 
polyethylene glycol (PEG) grafted membranes. The study func-
tionalized two polymer membranes, polyvinylidene fl uoride 
(PVDF) and nylon 66, with PEG by trapping ferrous and nickel 
ions via dip coating and thermal grafting polymerization. The 
ions were subsequently reduced using NaBH 4  to create core-
shell Fe/Ni NPs uniformly distributed over the membrane sur-
face. The two membranes were then tested and compared for 
the dechlorination of TCE. The study found nylon 66 to be the 
most effi cient support for TCE degradation because agglomera-
tion was reduced and the nickel content of the bimetallic NPs 
remained high, both due to the presence of a high number den-
sity of multifunctional chelating sites. Almost 100% of TCE was 
removed within 25 minutes and the composite maintained a 
high reactivity after 10 days during which 16 cycles of injection 
occurred. 

 Although these example studies are conceptually successful 
within a laboratory with synthetic conditions, there are two key 
factors yet to be addressed; the fl ow-through tolerance of the 
composites and their ability to remediate chemically complex 
environmental waters. A distinct disadvantage of membrane 
nano-composites is that they can often only tolerate a slow fl ow 
rate (less than 1 Lmin −1 ) and low water pressure, else the mem-
brane structure is ruptured and/or destroyed. This reduces the 
likelihood of realistic application in a domestic setting because 
fl ow is simply too slow. Additionally, enforcing fl ow at a higher 
pressure, i.e., misusing such a fi lter, increases the likelihood 
that the NPs will enter the water supply, thereby creating issues 
downstream. Therefore, it is vital that fl ow through experi-
ments are performed to test the structural integrity of any new 
membrane types over a range of fl ow conditions. 

 Daraei et al. [ 126 ]  developed a novel nano-composite mem-
brane using the phase inversion method. The PES membrane 
matrix was enhanced with the addition of polyaniline-magnetite 
(PANI-Fe 3 O 4 ) NPs, where the PANI formed a 8 nm thick shell 

over a 12–28 nm iron oxide core. The resulting membrane 
was tested for the removal of Cu(II) at pH 5. After comparing 
diffi erent compositions, the optimum membrane was with 
0.1 wt% of NPs present, removing 85% of Cu(II) from a solu-
tion of 20 mgL −1  and 75% from a 5 mgL −1  solution over 2 hrs 
– eight times more performance than a plain PES membrane. 
By regenerating the membrane composite with EDTA, it was 
reusable for 4 cycles, with only 3% loss in Cu(II)adsorption. 
Unlike the previous examples described above, these contami-
nant tests were performed in a kinetic system and the pure 
water fl ux was examined at 4.5 bars trans-membrane pressure. 
It was found that the better the Cu(II) retention, the poorer 
the water fl ux, with the optimum membrane (0.1 wt% of NPs 
present) having a water fl ux of only 25 kgm −2  h −1  compared to 
>>25 kgm −2  h −1  for the pristine PES membrane. It is logical 
that this occurs; higher fl ow rates reduce the probability of 
contaminant removal by reducing the residence time of fl uid 
in the fi lter. It is also logical that NP-impregnated PES exhibits 
slower fl ow-through rates than virgin PES because pore sizes in 
the membrane are reduced. Although this shows an improved 
fl ux rate compared to the previously referenced studies, it is 
still too low for practical applications. Interestingly, a follow up 
study was performed to improve the fl ux to contaminant reten-
tion ratio. Daraei et al. [ 133 ]  investigated how acid functionalized 
and polymer modifi ed multiwalled carbon nano-tubes (CNT) 
improved the water fl ux when blended with the PES mem-
branes. It was found that the membrane containing polycitric 
acid (PCA) offered the most promising results because the PCA 
formed dendrimers with carboxyl and hydroxyl groups, leading 
to super-hydrophilicity in the membrane. The membrane main-
tained a decent fl ux durability and reusability during three 
cycles of fouling-washing steps ( Figure    4  ).  

 This study, combined with NP incorporation, represents the 
next stage of membrane improvement. However, to be suitable 
for real world applications, there is still the hurdle of complex 
environmental water chemistry. In the study by Ma et al., [ 123 ]  
mentioned above, tests were performed to investigate NP dis-
solution over a month – however the tests were performed in 
pure MilliQ, which is not a realistic representation of a real 
world water system. Detailed tests analyzing the effect of com-
posite aging (corrosion, dissolution, degradation etc) and clog-
ging in real and complex environmental water samples, and 
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 Figure 4.    Sequential tests of fouling behavior of PCA-CNT enforced PES 
membrane. Reproduced with permission. [ 133 ]  Copyright 2013, Elsevier. 
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including a suspended particle content, are needed to address 
this limitation.  

  2.2.     Beads 

 Bulk nano-composites can also be in the form of micro-/macro-
scale beads or particulates. Beads may be utilized in static treat-
ment systems like fi lter columns (operated in a manner akin 
to ion exchange columns) and permeable reactive barriers. The 
key advantage of these spherical nano-composites is that they 
can be deployed into existing technology and infrastructure, 
providing few barriers to operational uptake. Multiple studies 
by C. Noubactep [ 134–142 ]  have demonstrated the effectiveness 
of introducing iron into common place sand fi lter column sys-
tems. By doing so the performance is signifi cantly improved 
and naturally clogs when no reactive iron is left due to the 
generation of voluminous corrosion products from iron oxida-
tion. By replacing the sand and bulk iron with nano-composite 
beads, reactivity could be further increased. 

 Commonly in nano-composite beads the NPs are incor-
porated into spherical polymer structures and resins, such as 
chelating resins [ 92 ]  and ion exchange resins. [ 143–147 ]  A popular 
example in the literature is the biopolymer alginate [ 148–156 ]  

 Bezbaruah et al. have published an array of studies investi-
gating the entrapment of INPs within calcium (Ca)-alginate 
beads. [ 149–151 ]  In each case the composites were fabricated 
using the same method. Firstly the INPs were synthesized 
via reduction of an iron salt using sodium borohydride. These 
were then gently mixed within a solution of sodium-alginate 
and water, which had been left to stand to ensure no gas bub-
bles were present. Using a peristaltic pump the mixture was 
then added drop-wise into a deoxygenated aqueous solution of 
CaCl 2 , causing the instant formation of Ca-alginate gel beads 
containing INPs, which were then dried and hardened. The 
resulting beads are approximately 5 mm in size ( Figure    5  ) 
and contain NPs with an average size of 35 nm and a range of 
10—100 nm.  

 Each ensuing study investigated the removal of a different 
contaminant but under the same physical conditions; i.e., a 
laboratory made contaminant solution, rotating batch anaer-
obic reactors, pH not adjusted and samples taken 8 times over 
2 hours and in triplicate. To ensure the incorporation of NPs 
into the beads had not signifi cantly altered their remediative 
effi ciency, the experiments were repeated for free, ‘bare’ INPs 
as a comparison. Although the mass of free and entrapped 
INPs were kept equal within each experiment for consistency, 
each contaminant required a different amount of the reactive 
material – presumably based on established literature values. 
The removal percentages of nitrate (initial concentration 
range 20 mg-100 mgL −1 ), [ 149 ]  TCE (1–40 mgL −1 ) [ 150 ]  and As(V) 
(1–10 mgL −1 ) [ 151 ]  for the nano-composite beads were approxi-
mately 50–73%, 89–91% and 85–100% respectively. The perfor-
mance for free INPs was shown to be very similar to entrapped 
NPs in each case. This is an excellent example of a series of 
logical, repetitive tests where only the contaminant involved is 
varied. Furthermore, the group has begun to study extra fac-
tors that would effect the potential commercialization of the 
material. For example, shelf-life studies are important because 
they indicate whether the composite could be stock-piled and 
transported over extended periods of time and retain the same 
reactivity. In the 2011 study, Bezbaruah et al. [ 150 ]  stored beads 
synthesized from the same batch in a series of air tight vials 
containing 2% CaCl 2  in deoxygenated water, purged with N 2  
gas before sealing and wrapping in aluminium to prevent pos-
sible photo reactions. Over the course of six months two vials 
were tested for TCE removal (initial concentration 30 mgL −1 ) 
every month. The tests revealed that the reactivity began to fall 
off, albeit marginally, between month 4 and 5, reducing from 
approximately 89% removal effciency to 84%. After six months 
the effciency was at 82%. Although the investigations are at a 
relatively early stage, the work so far is an ideal example of log-
ical nano-composite fi lter development. 

 As another material alternative, ion exchange resins are 
also popular for nano-composite beads. [ 143–147 ]  One example 
in particular reached commercial availability in 2004 [ 146 ]  
under the name of ArsenX np . Since 1997, Lehigh Univer-
sity (Bethlehem, PA, USA) and Bengal Engineering and Sci-
ence University (Howrah, India) have been working on units 
to remove arsenic from water in West Bengal, India. Initially, 
activated alumina was the adsorbent material employed but 
to improve performance ArsenX np  was introduced alongside. 
The ArsenX np  beads, diameter 300 to 1200 m, contain hydrated 
ferric oxide NPs within a macroporous anion exchange resin 
( Figure    6  ) [ 146,157–161 ]  designed to have a high selectivity for sorp-
tion of oxyanions of arsenic. Alongside the material’s remedia-
tion properties, the success of the product is also due to it’s 
sustainability. The unit ( Figure    7  ) is attached to hand-pump 
driven wells, is gravity fed and requires no electricity or pH 
adjustment. After more than 20,000 bed volumes, when an 
arsenic breakthrough of 50 gL −1  occurs, the product is taken 
to a central regeneration facility and all arsenic waste removed 
and safely stored. The success of ArsenX np  demonstrates how 
new, nano-composite materials are emerging commercially and 
can be easily deployed within already established infrastructure. 
However, ArsenX np  is still a bead nano-composite and therefore 
suffers from limitations, as outlined below.   
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 Figure 5.    (a) A photograph and (b) SEM image of an alginate bead con-
taining INPs. (c) and (d) SEM images of cross sectioned bead. Repro-
duced with permission. [ 149 ]  Copyright 2009, Elsevier.
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 Although an advantage of using bead nano-composites in 
static treatment systems is that the fl ow rates may be modi-
fi ed by changing the size and packing density of the beads, 
water must fl ow through channels between beads which gener-
ates a high back-fl ow resistance. Furthermore, these products 
tend to contain a signifi cant mass of wasted reactive material 
within their volume, which is not afforded the opportunity to 
react with the water because it is physically entrapped within 
the structure of the bead and never contacts the polluted water. 
It may also be argued that they are ineffi cient on the basis that 
the overall surface area to volume ratio is poor relative to mem-
branes and foams, making treatment systems potentially larger 
than necessary, which may be an operational limitation.  

  2.3.     Porous 3D Structures – The Way Forward? 

 The third and fi nal solution is the incorporation of NPs into 
3D porous, continuous, bulk structures. In theory the con-
tinuous structure results in limited unreactive volumes and 
the large structure can be applied to previously established 
infrastructure such as column fi lters and permeable reactive 
barriers. Furthermore, higher fl ow rates should also be facili-
tated as the composite maintains the mechanical properties of 
the parent support. Despite these logical advantages, however, 

there is relatively little literature covering this topic, especially 
when compared to the vast array for membrane and bead nano-
composites. Amongst the few examples available, support 
materials include polymers, [ 162,163 ]  graphene, [ 164 ]  carbon [ 165 ]  and 
chitosan. [ 166 ]  

 Savina et al. [ 163 ]  developed a macroporous polymer con-
taining iron oxide NPs (α-Fe 2 O 3  and Fe 3 O 4 ), prepared via a 
simple cryopolymerization process. The NPs were added to 
a mixture of 2-hydroxyethyl methacrylate and poly(ethylene 
glycol)diacrylate and dispersed. Immediately after the addition 
of ammonium persulfate and tetramethylethylenediamine, 
the mixture was then placed in a freezer (−12 to −18 °C) for 
18 hours. The freezing process separates the water from the 
NPs, monomer, cross-linker and initiator, to create pockets of 
ice crystals. Once melted, the crystals leaves behind large inter-
connected pores of up to 100 µm in diameter ( Figure    8  ). The 
fl ow rate (measured at constant hydrostatic pressure of approx. 
0.1 bar) was 2.29 ± 0.34 and 2.78 ± 0.33 (x10 −3 ) ms −1  for the 
gels containing α-Fe 2 O 3  and Fe 3 O 4  respectively, when packed 
in a glass column. This was shown to be very similar to that of 
gel containing no NPs. This is signifi cantly better than the rec-
ommended fl ow rate for the commercially available ArsenX np  
beads (described above), which is 5.0 × 10 −5  to 1.1 × 10 −4  ms −1  
(20−40 bed volumes/h) at conventional pressures up to 8 bar. [ 161 ]  
The study continued by investigating the adsorption of As(III). 
Although the removal effi ciency was relatively unaffected 
through the pH range of 3–9, the performance was signifi cantly 
reduced when compared to free NPs. The equilibrium adsorp-
tion capacity of As(III) for α-Fe 2 O 3  and Fe 3 O 4  gels was 2.7 and 
3.1 mg of As(III) per gram of NPs (or 0.21 and 0.23 As(III)mg/
ml of gel) respectively compared to 9.0 and 9.6 mg of As(III) 
per gram of NPs for free α-Fe 2 O 3  and Fe 3 O 4  NPs respectively. 
This signifi cant difference was attributed to the NPs being 
embedded in the wall of the gel and therefore being less 
accessible for the contaminant solution ( Figure    9  ). This result 
suggests that the reactivity would be improved if the NPs were 
only on the surface of the parent support and not embedded 
within it.   

 Another excellent continuous example is by Sankar et al. [ 166 ]  
who have recently developed a fi lter system where NPs are 
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 Figure 6.    (a) A photograph and (b) TEM image of ArsenX np  beads. Repro-
duced with permission. [ 146 ]  Copyright 2007, Elsevier. 

 Figure 7.    Schematic detail of construction and operation of a split-
column unit used in the fi eld. Reproduced with permission. [ 146 ]  Copyright 
2007, Elsevier.

 Figure 8.    SEM of macroporous polymer containing iron oxide NPs. 
Reproduced with permission. [ 163 ]  Copyright 2011, Elsevier.
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embedded within a nano-crystalline metal oxyhydroxide-chi-
tosan structure. Although primarily focused on silver NPs, the 
work demonstrates how the composite can be easily tailored to 
the target contaminant in question by simply altering the com-
position. For example, silver NPs within a AlOOH-chitosan 
nano-structure removed bacteria and viruses, whilst compos-
ites incorporating magnesium oxide NPs within the AlOOH-
chitosan nano-structure targeted heavy metals and an FeOOH-
chitosan structure was demonstrated for arsenic removal. 
Furthermore, Sankar et al. [ 166 ]  developed a point-of-use fi lter 
system to incorporate their nano-composite ( Figure    10  ) – a 
great demonstration of how such continuous porous struc-
tures can be easily incorporated into simple systems. When 
containing the anti-bacterial composite, the fi lter demonstrated 
outstanding results, cleansing 1,500 L of water with a bacte-
rial load of 10 5  CFU/ml before needing to be replaced or reac-
tivated. Assuming consumption of 10 L per day for a family, 
120 g of composite was estimated to provide safe drinking water 
for a year at a cost of only $2. Whether a similar performance 
is seen for other nano-material compositions (such as INPs) is 
yet to be seen.  

 The added benefi t of such a fi ltration system is that other 
nano-composites could be placed within the multilayer axial 
block to set up a treatment train. This is an ideal example of a 
set up for performance comparison tests between different con-
tinuous composite materials. 

 Unlike membranes and beads, continuous porous nano-
composites can be applied to a wider range of remediation 

applications. For example, some have been 
developed to remove oil from water. In order 
to clean up spills from large volumes of water, 
ideally a material with superhydrophobicity 
and superoleophilicity is required. Calcag-
nile et al. [ 162 ]  developed a white graphene 
foam that could fl oat, selectively adsorbing 
oil from the surface of water. The study used 
commercial polyurethane foams that, when 
untreated, are hydrophobic and oleophobic. 
These foams were then functionalized 
with submicrometre polytetrafl uroethylene 
(PTFE) particles and superparamagnetic iron 

oxide NPs via triboelectric charging and deposition respectively. 
Resultantly the overall synthesis process was simple and the 
materials inexpensive. It was found that surface morphology 
and the chemistry of the treated foams affected the adsorption 
properties and the most effi cient foam was created by depos-
iting the NPs before the PTFE. The resulting composite effec-
tively removed the oil and, because of the magnetic proper-
ties of the NPs, could then be removed using a magnetic fi eld 
( Figure    11  ).  

 Another interesting example is provided by Cong et al. [ 164 ]  
where they developed a graphene/iron oxide NP hydrogel. 
Graphene is an engineered wonder material comprising of 
sp 2  hybridized carbon atoms and formed with only one atom 
thickness. [ 167 ]  Although multiple studies have investigated the 
potential of graphene as an adsorbent itself, [ 168–174 ]  attention 
has shifted to creating hybrid materials consisting of both gra-
phene and a coupled nano-material. As large scale production 
of graphene is still challenging, [ 167 ]  most hybrid composites 
begin with graphene oxide (GO), which is readily available 
from natural graphite. GO is ideal for iron compounds that 
have been shown to cross-link with oxygen groups on activated 
carbon surfaces. This is because on the surface of GO there are 
multiple oxygen containing groups, e.g., alcohols, ketones and 
carboxyl groups. In the study by Cong et al. [ 164 ]  GO sheets were 
reduced by ferrous ions, inducing the self-assembly of a gra-
phene hydrogel containing either α-FeOOH nano-rods or mag-
netic Fe 3 O 4  NPs, depending on the pH conditions ( Figure    12  ). 
The resulting structure contained interconnecting networks 

and displayed signifi cant adsorption of oils 
and heavy metal ions. The synthesis method 
was also reported to be versatile and adapt-
able for the production of other graphene 
hydrogels containing metal oxide NPs.  

 Although fascinating examples of hybrid 
materials, these two examples are once again 
not directly comparable. Tests using the same 
oil, amount of oil and same weight of reac-
tive materials are required to declare which is 
the better composite. 

 As with membranes and beads, these 
examples of continuous nano-composites 
have further demonstrated the need for com-
parative testing. Furthermore, although theo-
retically superior to other nano-composite 
structures, the lack of literature and commer-
cially available products potentially indicates 

Adv. Mater. 2014, 26, 6056–6068

www.advmat.de
www.MaterialsViews.com

 Figure 9.    SEM of polymer surface when (a) containing no iron oxide NPs and (b) with the 
NPs embedded within the surface. Reproduced with permission. [ 163 ]  Copyright 2011, Elsevier.

 Figure 10.    The fi ltration device containing a multilayer axial block within which the tailored 
composite is placed. Reproduced with permission. [ 166 ]  Copyright 2013, PNAS.
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a barrier preventing progress for this category of materials. 
This could possibly be due to cost but also due to practical limi-
tations that need to be overcome such as avoiding the need for 
compromise between reactivity, fl ow rate and structural integ-
rity. This is exemplifi ed in the work of Savina et al. [ 163 ]  who for-
feited reactivity for structural integrity.   

  3.     What is Holding Back Static Nano-composites? 

 As can be seen within the literature, a cornucopia of water 
remediation technologies exist, both as commercially avail-
able products and products undergoing research and develop-
ment. These include adsorbents, fl occulants and coagulants, 
ion exchange resins and size exclusion fi lters. As the treated 
water is often used for drinking, there are multiple stringent 
regulatory requirements that these technologies must fulfi ll to 
achieve commercial maturity. 

 In the US the quality of drinking water is protected under 
the Safe Drinking Water Act of 1974 [ 175 ]  and is regulated by the 
United States Environmental Protection Agency, the Offi ce of 

Ground Water and Drinking Water and yet further organiza-
tions at a more local level. Also, NSF International, a third-party 
organization, often plays an important role by certifying all 
products that come into contact with drinking water, including 
water fi lters, chemical treatments and plumbing. [ 176 ]  In order to 
gain certifi cation the claims made about a fi lter’s performance 
must be understood and proved to be true. Furthermore, the 
NSF Joint Committee on Drinking Water Treatment Units have 
developed various key standards for evaluation and certifi cation 
which must be passed depending on the claims made. [ 177 ]  

 Meanwhile, within the UK these regulations are outlined 
and maintained by a combination of authorities – the Drinking 
Water Inspectorate (the drinking quality regulator for England 
and Wales) and Drinking Water Quality Regulator for Scot-
land, the Health Protection Agency (Department of Health), 
the Department for Regional Development, the Department 
for Environment, Food and Rural Affairs (DEFRA), as well 
as local authorities and water suppliers. [ 178 ]  The remediation 
technologies, alongside materials used for storage or transport 
of water are judged for suitability on the basis of the demon-
strable impact they have on the water by the point of consump-

tion – i.e., are there any residual unwanted 
chemicals appearing?, is the resulting water 
suitable for human consumption?, etc. The 
UK Drinking Water Inspectorate releases an 
annual report detailing which products have 
fulfi lled these conditions and are approved 
for use in public water supply. [ 179 ]  This list 
is purely based on the safety of the drinking 
water and does not assess the technologies or 
materials for fi tness of purpose. 

 In all cases the cost of regulatory testing 
for fi lter products to be used for drinking 
water is costly (ranging from $20 k minimum 
to $50k and above) and likely to be prohibi-
tive for individual academics or even univer-
sities to take forward. Correspondingly the 
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 Figure 11.    A fi gure demonstrating the oil adsorption effi cacy of iron oxide NPs-PTFE functionalized polyurethane foam. Reproduced with permis-
sion. [ 162 ]  Copyright 2012, American Chemical Society.

 Figure 12.    A photo displaying the visual self-assembly of a graphene/iron oxide hydrogel. 
Reproduced with permission. [ 164 ]  Copyright 2012, American Chemical Society.
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pathway from promising prototype nano-composite to achieve 
upscaling and authorization as a market product is likely to be 
protracted and challenging, requiring one or more rounds of 
investment. 

 Nano-composites in particular pose one further problem. 
Mobile nano-composites are still under scrutiny regarding long 
term toxicity in the environment and on human health. They 
are therefore severely limited in commercial applications at the 
present time. Meanwhile, the more promising bulk nano-com-
posites would need further testing procedures to confi rm that 
no potentially harmful NPs are being released into the drinking 
water. This may further increase the cost of regulatory testing 
but is in line with recommendations outlined in the Royal 
Society report ‘Nanoscience and nanotechnologies: Opportuni-
ties and Uncertainties’. [ 99 ]  

 Furthermore, to be commercially viable, research will 
need to be pursued to ensure the arising technology is as 
sustainable as possible. Ideally, to maximise green creden-
tials, the nano-composites should be recycable, with relatively 
simple methods available to remove adsorbed contaminants 
and exhausted NPs and then reuse the substrates. From the 
resulting NP-contaminant mix desirable metals could then be 
harvested for further use, therefore providing an economic 
return, and with the residual waste material would need to 
be suitably disposed of. Currently, many organisations using 
NPs follow the traditional chemical safety procedures for ‘haz-
ardous materials’ throughout the NP life cycle. [ 180 ]  Although 
this is a good basis for safely handling and disposing of nano-
materials, it would be unsuprising if more specifi c regulations 
are drawn up in the future to account for new fi ndings that 
arise regarding their toxicology. In doing so, it is ensured that 
nano-composites are environmentally friendly throughout 
their life cycle. 

 Finally, a key problem, highlighted within this review, with 
the new materials and methods being researched by academia 
is that there are no standard testing procedures, no set of 
standardized test pollutants for laboratory experiments and no 
size requirements for the overall volume of reactive material. 
Laboratory tests also often overestimate the performance of the 
product by testing simplistic water systems. [ 10 ]  This leaves com-
parison of effi cacy very diffi cult and is currently unsatisfactory 
for bodies investing in further research and development in 
this area because it is unclear which product is best.  

  4.     Conclusions and Perspectives 

 The present review has examined the current state of play for 
research into nano-composites for water treatment. It is clear 
that this fi eld of research is swiftly developing, with some 
‘nano’ products already seeing commercial application. 

 In theory, the ideal composites for industrial or domestic 
applications are continuous, bulk immobile materials where 
the nano-reactivity is obtained by anchoring or impregnating 
a parent material structure with nano-materials, thereby also 
inheriting the mechanical properties of the parent itself. This 
type of nano-composite avoids issues surrounding nano-toxicity, 
an area of potential human and environmental risk still actively 
under investigation by the international research community. 

 These composites may be easily introduced into established 
water treatment infrastructures in the place of traditional reac-
tive agents as a cheaper and more effi cient method of reaching 
ever more stringent legal targets. Possible applications vary 
from small scale uses, such as domestic point-of-use treatment 
systems, to environmental in-situ methods akin to permeable 
reactive barriers, and fi nally to much larger industrial applica-
tions including facilities scale batch or fl ow through systems. 
Furthermore this technology lends itself to industrial gas treat-
ment and fi ltering processes where NP catalysts may be selec-
tively incorporated into the composites to remove either valu-
able or deleterious species. Reactive nano-composites can be 
perceived in many wider areas of industry, adding signifi cant 
weight to the international argument for further development 
of these materials outside of just water treatment. 

 Based on the arguments presented here, reactive fi lter com-
posites that achieve the greatest future commercial success will 
likely display the following properties; 

•    Continuous bulk structure so as to avoid the disadvantages 
of free particles and to ensure the structure is designed such 
that surface area and reactivity are maximized.        

•    Strong NP adhesion to ensure that no NPs are released into 
the water system and wider environment.        

•    Sound mechanical properties of the parent structure to allow 
for optimal fl ow rates.        

•    High internal surface area to maximize reactivity.        
•    Ability to remove a large range of contaminants, thereby max-

imizing potential applications.        
•    Rechargeable/recyclable for sustainability.        
•    Recoverable contaminants (metals etc.) allowing waste to be 

converted to a potentially valuable commodity for economic 
gain.        

•    Low production cost to ensure wide spread application is 
realistic.   

 To date, no magic bullet nano-composite has yet emerged com-
mercially. The key challenge lies in successfully increasing the 
surface area of reactive material without sacrifi cing the mechan-
ical properties to an inoperable level whilst also keeping costs to 
a minimum. Continued development is still needed to advance 
such materials, with further investigations into substrates, 
anchoring/impregnating methods and post-synthesis treatments 
that may improve the nano-reactivity. Furthermore, standardized 
tests should be implemented by the academic community to 
allow for performance comparisons to be made between mate-
rials, thereby making it easier for investors to champion specifi c 
and promising materials for further development. 

 Given the present speed of technological development and 
market uptake, the future looks extremely promising for nano-
composites, not only for water treatment, but for many other 
important global industries. 
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